Anthocyanins extracted from the berries of Phillyrea latifolia L., Pistacia lentiscus L., and Rubia peregrina L., three evergreen shrubs widely distributed in the Mediterranean area, were examined for their antioxidant and anticancer activity. The P. lentiscus anthocyanins showed the highest H 2 O 2 and 1,1-diphenyl-2-picrylhydrazil radical scavenging effects, indicating that these compounds can be considered as an alternative source of natural antioxidants for food and pharmaceutical products. Here, we also report a novel function of anthocyanins: the induction of autophagy, a process of subcellular turnover involved in carcinogenesis. Autophagy was characterized by the up-regulation of eIF2A, an autophagy inducer, and down-regulation of mTOR and Bcl-2, two autophagy inhibitors. This led to the enhanced expression of LC3-II, an autophagosome marker in mammals, and monodansylcadaverine incorporation into autolysosomes. Anthocyanin-induced autophagy switched to apoptosis, as shown by the activation of Bax, cytochrome c and caspase 3, terminal deoxynucleotide transferase -mediated dUTP nick-end labeling -positive fragmented nuclei, and cells with sub-G 1 DNA content, which were prevented by z-VAD. Inhibition of autophagy by either 3-methyladenine or Atg5 small interfering RNA enhanced anthocyanintriggered apoptosis. This provided evidence that autophagy functions as a survival mechanism in liver cancer cells against anthocyanin-induced apoptosis and a rationale for the use of autophagy inhibitors in combination with dietary chemopreventive agents. [Mol Cancer Ther 2008;7(8):2476 -85] 
Introduction
Reactive oxygen species, including free radicals, are a class of highly reactive molecules derived from the normal metabolism of oxygen or from exogenous sources such as tobacco smoking, certain pollutants, organic solvents, and pesticides. Reactive oxygen species induce oxidative damage to biomolecules, causing certain human diseases including cancer, cardiovascular diseases, neurodegenerative disorders, aging, etc. (1, 2) . Furthermore, reactive oxygen species are known to induce both apoptosis and autophagic cell death (3, 4) . Yet, reactive oxygen species are produced during rapamycin-mediated autophagy (5) and serve as novel signaling molecules in the survival pathway of starvation-induced autophagy (6) . Consistently, antioxidant agents abolish autophagosome formation and proteolysis. Antioxidants can protect the human body from the effects of reactive oxygen species and retard the progress of many chronic diseases (7) . Nowadays, the most commonly used antioxidants are butylated hydroxyanisole (BHA), butylated hydroxytoluene, propyl gallate, and tertbutylhydroquinone (8) . However, these compounds have shown toxic and mutagenic effects and are suspected of being responsible for liver damage and carcinogenesis (9, 10) . Therefore, the development and utilization of more effective and less toxic antioxidants is desired. In recent years, there has been increasing interest in finding antioxidant phytochemicals, the most effective being flavonoids and other phenolic compounds of many raw plant materials (7, 11, 12) .
Among natural phenolic compounds, anthocyanins have shown scavenging activity against various artificially generated free radicals and the ability to prevent lipid oxidation (13, 14) . We have found that the berries of Phillyrea latifolia L., Pistacia lentiscus L., and Rubia peregrina L., three evergreen shrubs widely distributed in the Mediterranean area, are rich in anthocyanins (15) . The major anthocyanin of P. lentiscus berries has been identified as cyanidin 3-O-glucoside; delphinidin 3-O-glucoside and cyanidin 3-O-arabinoside have also been found in minor quantities. On the other hand, the major anthocyanin in the extracts of P. latifolia and R. peregrina berries was cyanidin 3-O-rutinoside; low quantities of cyanidin 3-O-glucoside were also found (15) .
The aim of the present study is to investigate the antioxidant capacity of the anthocyanins extracted from those berries in order to consider them as an alternative source of natural antioxidants for food and pharmaceutical products. Here, we also determined the effect of the anthocyanins on the autophagic and cytotoxic response of hepatocellular carcinoma (HCC) cell lines. We focused our attention on HCC because it is a deadly disease with poor prognosis due to the ineffectiveness of therapy, except for liver transplantation (16) . Therefore, the development of new agents for HCC is relevant to reduce its mortality. Our results indicated a novel function of anthocyanins as inducers of autophagy, a defense mechanism against apoptosis, and provided evidence for the combined use of autophagy inhibitors as potentiators of anticancer agents.
Materials and Methods

Extraction and Purification of Anthocyanins
The anthocyanins were extracted from wild-grown berries of P. latifolia L., P. lentiscus L., and R. peregrina L., hand-harvested from the woods of ''Parco Regionale Bosco e Paludi di Rauccio'', Lecce, Italy during September 2005, and purified as reported in previous studies (15, 17) .
Determination of Anthocyanin Content Anthocyanin content was determined by means of highperformance liquid chromatography-diode array detection analysis using an Agilent 1100 Series LC/DAD system as previously reported (15) .
Assay of Hydrogen Peroxide Scavenging Activity The H 2 O 2 scavenging activity of the anthocyanins was determined according to the method of Ruch et al. (18) , with slight modifications. The water solution of the anthocyanins (3.4 mL) at different concentrations (0.001 -0.1 mg/mL) was added to 0.6 mL of 0.2 mol/L H 2 O 2 (Sigma-Aldrich) in 0.1 mol/L phosphate buffer (pH 7.4). After 10 min, the absorbance of H 2 O 2 was determined at 210 nm using a Varian Cary 100 Scan UV-visible spectrophotometer, against the blank solution containing the anthocyanin solution and the buffer phosphate without H 2 O 2 . The assay was also carried out with BHA and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) standards (Sigma-Aldrich) at the same conditions. The percentages of H 2 O 2 scavenging activity of the anthocyanins and standards were calculated as [(A 0 À A 1 ) / A 0 ] Â 100, where A 0 is the absorbance of the control (containing 0.6 mL of 0.2 mol/L H 2 O 2 in 0.1 mol/L phosphate buffer and 3.4 mL of water) and A 1 is the absorbance in the presence of the anthocyanins or standards. All measures were repeated thrice.
Assay of 1,1-Diphenyl-2-Picryl-Hydrazil Radical Scavenging Activity
Free radical scavenging activity of the anthocyanins was measured by 1,1-diphenyl-2-picryl-hydrazil (DPPH radical) using a slightly modified method from Gü lçin et al. (19) . One milliliter of a 0.1 mmol/L solution of DPPH radical (Sigma-Aldrich) in ethanol was added to 3 mL of the anthocyanin solution in methanol at different concentrations (0.001 -0.01 mg/mL). The mixture was shaken vigorously and allowed to stand at room temperature for 30 min. The reduction of DPPH radical absorbance was measured at 517 nm using a Varian Cary 100 Scan >UV-visible spectrophotometer against a blank solution prepared with 1 mL of DPPH radical solution and 3 mL of methanol. The assay was also carried out with BHA and a-tocopherol (SigmaAldrich) standards at the same conditions. Cell Viability Trypan blue staining test was used to identify the dead cells. The reduced 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye (5 mg/mL), incubated at 37jC for 4 h, was solubilized in DMSO.
Cell Cycle Analysis by Flow Cytometry Cells were fixed with 70% ethanol, incubated with RNaseA (20 Ag/mL) and propidium iodide (PI; 50 Ag/mL) and analyzed on a FACScan flow cytometer (FACSCalibur, BD Biosciences).
Immunocytochemistry and Fluorescent Staining Cells were incubated with primary antibodies for Beclin1 and LC3 (Santa Cruz Biotechnology) and with secondary antibodies FITC or TRITC (Alexa Fluor, Molecular Probes). DNA fragmentation was detected by the terminal deoxynucleotide transferase -mediated dUTP nick-end labeling (TUNEL) technique using the apoptosis detection kit (In Situ Cell Death Kit Pod; Roche). For fluorescent stainings, fixed cells were incubated with 4,6-diamidino-2-phenylindole (DAPI; 0.5 Ag/mL in PBS; for 25 min at room temperature) or PI (for 5 min at 37jC). For the incorporation of monodansylcadaverine: cells were incubated with 0.05 mmol/L of monodansylcadaverine in PBS at 37jC for 20 min. Cells were analyzed by Nikon fluorescence microscope.
Western Blot Analysis Cells were lysed in a buffer [50 mmol/L Tris/HCl (pH 7.4), 150 mmol/L NaCl, 5 mmol/L MgCl 2 , 1% TX-100, 1 mmol/L EGTA, 1 mmol/L DTT], containing protease inhibitors and 0.1 mol/L of NaF. Protein concentrations were determined with the Bradford assay. The blots probed with Bcl-2, mTOR, P-mTOR, eIF2a, P-eIF2a (Calbiochem), and procaspase 3 and Bax antibodies (Santa Cruz Biotechnology, DBA) were detected by enhanced chemiluminescence according to the manufacturer's instructions (Pierce Biotechnology). 
Statistical Analysis
The significance of the differences between groups was determined by ANOVA test. P < 0.005 was considered significant.
Results
P. latifolia and R. peregrina Berries Have the Highest Anthocyanin Contents
The total amount of anthocyanins in P. latifolia berries was 9.49 g kg À1 of berries; cyanidin 3-O-rutinoside was the most abundant pigment (8.26 g kg À1 ) followed by cyanidin 3-
. R. peregrina berries showed the same anthocyanin composition of P. latifolia berries. Nevertheless, R. peregrina berries contained a lower amount of anthocyanins corresponding to 7.24 g kg À1 of berries. Also in this case, the major anthocyanin was cyanidin 3-O -rutinoside (6.06 g kg À1 ) followed by cyanidin 3-O-glucoside (1.11 g kg
À1
). The total anthocyanin content in P. lentiscus berries was 0.05 g kg À1 of berries; cyanidin 3-O-glucoside was the most abundant pigment (0.04 g kg
followed by delphinidin 3-O-glucoside (0.01 g kg
) and cyanidin 3-O-arabinoside (traces). As can be seen, the berries of P. latifolia and R. peregrina had higher anthocyanin contents than P. lentiscus berries.
Anthocyanins from P. lentiscus Berries Exhibit the Highest Hydrogen Peroxide Scavenging Activity
The ability of the anthocyanins extracted from the berries of P. latifolia, R. peregrina, and P. lentiscus to scavenge H 2 O 2 was compared with the scavenging effects of Trolox and BHA, used as reference standard antioxidants. The anthocyanins were capable of scavenging H 2 O 2 in a concentration-dependent manner (Fig. 1A) . At the 0.05 mg/mL concentration, the P. lentiscus anthocyanins exhibited 72% of H 2 O 2 scavenging activity against 33% and 34% found for P. latifolia and R. peregrina anthocyanins, respectively (Fig. 1B) . The H 2 O 2 scavenging effect of BHA and Trolox was 38% and 78%, respectively, at the same concentration. These results showed that the analyzed anthocyanins had effective H 2 O 2 scavenging activities that decreased in the order of Trolox > P. lentiscus anthocyanins > BHA > R. peregrina anthocyanins > P. latifolia anthocyanins, at 0.05 mg/mL concentration.
Anthocyanins from P. lentiscus Berries Exhibit the Highest DPPH Radical Scavenging Activity
The radical-scavenging activity of the anthocyanins extracted from the berries of P. latifolia, R. peregrina, and absorbance at 210 nm vs. concentration (mg/mL). Points, mean; bars, SD (n = 3); *, P < 0.005 vs. control; #, P < 0.005 P. lentiscus vs. P. latifolia
anthocyanins; x, P < 0.005 P. lentiscus vs. R. peregrina anthocyanins. B, percentage (%) of H 2 O 2 scavenging activity at the same concentration (0.05 mg/mL). C and D, DPPH scavenging activity of P. latifolia, R. peregrina, and P. lentiscu s anthocyanins, BHA, and a-tocopherol. C, DPPH absorbance at 517 nm vs. concentration (mg/mL). Points, mean; bars, SD (n = 3); *, P < 0.005 vs. control; #, P < 0.005 P. lentiscus vs. P. latifolia
anthocyanins; x, P < 0.005 P. lentiscus vs. R. peregrina anthocyanins. D, percentage (%) of DPPH scavenging activity at the same concentration (0.005 mg/mL).
P. lentiscus was compared with the scavenging effects of a-tocopherol and BHA, which were used as reference standard antioxidants. The anthocyanins were capable of scavenging DPPH radicals in a concentration-dependent manner (Fig. 1C) . At the 0.005 mg/mL concentration, the DPPH radical scavenging effects of R. peregrina and P. lentiscus anthocyanins were 81% and 92%, respectively, against the 49% found for P. latifolia anthocyanins. BHA and a-tocopherol exhibited 52% and 93% of DPPH scavenging activity, respectively, at the same concentration. These results showed that the analyzed anthocyanins had effective DPPH radical scavenging activity that decreased in the order of a-tocopherol > P. lentiscus anthocyanins > R. peregrina anthocyanins > BHA > P. latifolia anthocyanins.
Anthocyanins from P. lentiscus Berries Exhibit the Highest Cytotoxicity
To examine the antitumor action of anthocyanin treatment, we assessed the growth-inhibitory effects of various concentrations of the anthocyanins extracted from the berries. Treatment with the anthocyanins induced a concentration-dependent inhibition of anchorageindependent ( Fig. 2A) and monolayer (Fig. 2B) cell growth, always more pronounced in PLC/PRF/5 cells exposed to P. lentiscus anthocyanins. The results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide on P. lentiscus anthocyanins were consistent with those obtained using the trypan blue exclusion test, showing a time-dependent effect (Fig. 2C) . To elucidate the molecular pathway underlying the antitumor effect, we investigated the progression of PLC/PRF/5 cells through the cell cycle after treatment with P. lentiscus anthocyanins because of its highest cytotoxic effect. The anthocyanins induced the appearance of a peak of cells with a DNA content lower than that of the G 0 -G 1 peak, i.e., a population of sub-G 1 cells, suggesting a role for the anthocyanins in triggering cell death, accumulation of G 0 -G 1 cells associated with a decrease in the percentage of S phase (Fig. 2D) . These data showed that the suppressive effects of anthocyanins on HCC cell growth was due to a combination of events, resulting from the inhibition of the cell cycle at the G 1 -S checkpoint and DNA synthesis, and induction of apoptosis.
Anthocyanin Treatment Induces Autophagy The cytotoxicity of many anticancer agents is mediated via autophagy activation (20) , which is frequently associated with G 1 arrest (21, 22) . Autophagy is a multistep process for subcellular turnover by which intracellular membranes sequester organelles and molecules giving rise to the autophagosome that matures to amphysome, which fuses with a lysosome, generating an autolysosome (23 -25) . In order to verify whether the anthocyanins induce the autophagic pathway, the generation of autolysosomes was evaluated by measuring the incorporation of monodansylcadaverine, a marker of the acidic compartment. The lysosomal vacuolar compartment was hardly detected as basal monodansylcadaverine staining in PLC/PRF/5 cells (Fig. 3A) . The treatment with P. lentiscus anthocyanins induced the formation of monodansylcadaverine-labeled vacuoles (Fig. 3A) .
To gain better a insight into the mechanism of anthocyanin-induced autophagy, we analyzed the effect of treatment with P. lentiscus anthocyanins on LC3-II, the processed form of the mammalian microtubule-associated protein 1 light chain, LC3-I. LC3-II is a structural component produced during autophagosome formation. Thus, being rapidly degraded, we measured LC3-II expression in the presence of protease inhibitors (Fig. 3B) . Treatment of PLC/PRF/5 cells with P. lentiscus anthocyanins induced an increase in the immunofluorescence of LC3's punctate pattern. The accumulation of LC3-II was largely prevented by preincubation with 3-methyladenine, an inhibitor of the autophagic sequestration phase (26) . Taken together, analysis of monodansylcadaverine incorporation and LC3 expression indicated that the anthocyanins induced autolysosome formation.
Next, using Western blotting analysis, we verified whether the anthocyanin-mediated activation of the autophagic process was related to an imbalance between mTOR and eIF2a, which negatively and positively control the autophagic pathway, respectively (refs. 25, 27; Fig. 3C ). We found that treatment with P. lentiscus anthocyanins Representative of three separate experiments. C, Western blotting analysis of mTOR and P-mTOR, eIF2a and P-eIF2a, and Bcl-2. h-Actin was used as a protein loading control (0.2 mg/mL of the aqueous P. lentiscus anthocyanin solution for 3 h). Data are representative of three separate experiments.
down-regulated the phosphorylation of mTOR and upregulated the phosphorylation of eIF2a in PLC/PRF/5 cells. This data indicated that the anthocyanins interfere with the regulation of the initiation phase of autophagy through coordinated modulation of key molecules that are sensors of stress conditions.
The expression of Bcl-2, a well-known anti-autophagy inhibitor (25, 28) , decreased in PLC/PRF/5 cells exposed to P. lentiscus anthocyanins (Fig. 3C) . Suppression of Bcl-2 expression by anthocyanins could represent a key mechanism through which anthocyanins activate both autophagy and apoptosis, Bcl-2 being a potential molecular switch between the two pathways.
Autophagy Counteracts Anthocyanin-Induced Apoptosis
As expected by the anthocyanin-mediated increase of sub-G 1 phase PLC/PRF/5 cells, other apoptotic variables confirm the ability of the anthocyanins to trigger apoptosis (29, 30) . Treatment of PLC/PRF/5 cells with P. lentiscus anthocyanins induced nuclei fragmentation as determined by DAPI and PI staining (Fig. 4A) , TUNEL analysis and quantification (Fig. 4B) , down-regulation of Bcl-2 (Fig. 3C) , translocation of Bax from the cytoplasm to the mitochondria (Fig. 4C) , where it activated the release of cytochrome c in the cytosol (Fig. 4D) which is essential for the cleavage of caspase 3 (Fig. 4C) . Pretreatment with a Cancer cells can respond to drugs by activating autophagy to promote cell survival, thus counteracting apoptosis (20) . To elucidate the involvement of the autophagic process in anthocyanin-induced apoptosis, the effects of autophagy inhibitors were tested. Although the P. lentiscus anthocyanin -induced development of autophagic vacuoles was inhibited by 3-MA (Fig. 3B) and Wortammin (data not shown), cell viability was markedly worse. This was shown by a trypan blue assay (Fig. 5A ), DAPI and PI staining (Fig. 5B) , TUNEL assay (Fig. 5C) , and sub-G 1 peak (Fig. 5D) .
To further confirm the role of the autophagic machinery in anthocyanin-mediated apoptosis, we used siRNA to inhibit the Atg5 gene, essential for autophagosome generation (23, 24) . Silencing of Atg5 (Fig. 6A) markedly inhibited P. lentiscus anthocyanin-induced generation of LC3-II -labeled vacuoles (Fig. 6B) and enhanced anthocyanin-induced cell demise (Fig. 6C and D) . The data indicated that HCC cells respond to anthocyanins by activating autophagy to resist apoptosis.
Anthocyanin-Induced Autophagy Is Not Restricted to PLC/PRF/5 Cells
To test the hypothesis that anthocyanin-induced autophagy is not limited to PLC/PRF/5 cells, the activation of the autophagic machinery was also evaluated in a human (HepG2) and rat (McArdle) HCC cell line. Upon treatment with P. lentiscus anthocyanins, Bcl-2 expression was downregulated ( Supplementary Fig. S1A ) 4 and the number of LC3-labeled vacuoles/cell sections was increased ( Supplementary Fig. S1B ). 4 Consistently, autophagy inhibition accelerated the execution of demise as shown by the increase in TUNEL-positive fragmented nuclei (Supplementary Fig. S1C ) 4 and in cells of sub-G 1 peak ( Supplementary  Fig. S1D ). 4 These data showed that anthocyanin-induced autophagy is a generalized cell response and was not limited to PLC/PRF/5 cells. 
Discussion
The results obtained in this study show that the anthocyanins obtained from P. lentiscus berries have the strongest DPPH radical and H 2 O 2 scavenging activities. Moreover, their scavenging effects are comparable to those of a-tocopherol, one of the strongest natural antioxidants, and Trolox, its water-soluble analogue. The higher scavenging activity of P. lentiscus anthocyanins is probably due to the presence of the monoglucoside of delphinidin, which possesses the highest radical scavenging activity among the anthocyanins present in the berries of this plant (14) .
The present study provides evidence to show the induction of both autophagic and apoptotic machineries in HCC cells upon treatment with anthocyanins, which are highly promising cancer chemopreventive constituents of several vegetables (29, 30) . This was not unexpected because many natural products are known to possess antioxidant and anticancer properties. Anthocyanins inhibit oxidative stress -induced apoptosis by elevating the cellular antioxidant capacity (31 -33) . On the other hand, they contribute to the antiproliferative activity of vegetables and fruits, including berries, by inducing the apoptosis of cancer cells (29, 30, 34 -37) . Despite their antioxidant action, paradoxically, they exhibit pro-oxidant activity resulting in selective cell death of leukemia cells (37) .
The highest cytotoxicity against HCC cells is shown by P. lentiscus anthocyanins, which also displayed the strongest antioxidant activity. The in vitro anticancer activity is due to the combined induction of the apoptotic program, G 1 arrest, and reduced DNA synthesis. The apoptotic response has been observed in response to various anticancer stimuli, including natural products (38) ; however, failure in HCC cure results from the development of drug resistance, the rates of HCC incidence and mortality being similar (16) .
Here, we report for the first time a novel function of antocyanins; the induction of autophagy, as shown by activation of the autophagosomal marker LC3 and incorporation of monodansylcadaverine in autolysosomes. This was possibly triggered by down-regulation of Bcl-2 and mTOR associated with up-regulation of eIF2a signaling pathways. Autophagy displays a dual conflicting function in cancer cell biology. We have shown that HCC down-regulates autophagic activity (39, 40) , and recently, autophagy has been proposed as a tumor suppression mechanism, underlying the possibility that activation of autophagy reverses the neoplastic phenotype (25, 41) . On the contrary, in the present article, inhibition of autophagy enhanced apoptosis, indicating that autophagy contributes to tumor progression as a protective mechanism against stressful conditions (25, 42, 43) . Autophagy optimizes nutrient utilization in rapidly growing cells when faced with hypoxic or metabolic stress, similar to therapeutic assault, and removes organelles that are sources or targets of lethal levels of free radicalinduced damage (44) . Thus, lack of autophagy for a long period of time results in the accumulation of intracellular oxidants that enhance the probability of transformation. Yet, the same mechanism protects the cells of established cancers against various stressors.
The autophagic pathway is a novel therapeutic target for cancer treatment (20, 25, 42, 45) . Anticancer treatments, including drugs, activate autophagy to kill cancer cells resistant to apoptosis. Yet, in HCC cells, a deficiency of autophagy enhances anthocyanin-induced cell demise. Paglin et al. (46) shows for the first time the possibility of treating cancer cells by autophagy inhibition because cancer cells respond to radiation by inducing autophagy. Autophagy inhibition enhances the anticancer effect of arsenic trioxide (20) , hyperthermia (20) , sulforaphane (47) , and p53 or alkylating drugs (48) . These and our observations indicate that autophagy protects cancer cells from therapy-induced apoptosis and that autophagy inhibitors strengthen the efficacy of proapoptotic chemotherapeutic strategies. Again, autophagy is commonly induced by hypoxia and it represents the ultimate nutritional source for tumor cells to survive low-nutrient conditions (20) , thus suppression of autophagy in combination with other treatments accelerates tumor necrosis (27, 43) .
In HCC cells, we eliminate the expression of Atg5 protein to inhibit autophagy because Atg5 is required for the formation of the autophagosome (23 -25) and it is a novel proapoptotic factor (49) . However, we rule out the possibility that Atg5 is involved in anthocyanininduced apoptosis. Autophagy is regulated by class III phosphoinositide-3-kinase complex which is the putative target of 3-MA. Inhibition of anthocyanin-induced autophagy in the presence of 3-MA indicates the involvement of a class III phosphoinositide-3-kinase complex. This complex includes Beclin 1, a protein first identified as a novel Bcl-2 -interacting protein, the binding of Bcl-2 to Beclin 1 disrupting its autophagic function (25, 28) . Here, we have shown that anthocyanin treatment causes a decrease in the level of Bcl-2 protein in HCC cells. This suggests that anthocyanin disrupts the interaction between Bcl-2 and Beclin 1 in the transGolgi network to induce autophagy followed by the binding of Bcl-2 to Bax in the mitochondria to switch autophagy to apoptosis. Alternatively, because mTOR inhibition increases the levels of activated LC3 (25, 27) , anthocyanins might directly target mTOR to induce autophagy.
In conclusion, our observations indicate that autophagy inhibition helps to enhance the chemopreventive/therapeutic activity of anthocyanin towards HCC. Future experiments are required to extend these preclinical in vitro results to evaluate the effect of anthocyanin treatment in mouse tumor models in support of potential clinical studies. In animal models, anthocyanins act as anticancer agents by protecting against genomic instability at various phases of the carcinogenic process, yet, the effect in human studies is weak (50) . This study suggests that the anthocyanins obtained from P. latifolia, R. peregrina, and P. lentiscus berries could be used as an easily accessible and abundant source of natural antioxidants as potential food additives and pharmaceutical agents.
